When a high energy electron emits a low energy photon by bremsstrahlung, the emission takes place over a long distance. In 1953, Ter-Mikaelian [1] pointed otit that because of this, in a medium, bremsstrahlung of low energy photons can be suppressed. The suppression occurs because the photon production amplitude, taken over the length of the formation zone, can lose coherence because of the photon wavefunction phase shift due to the dielectric constant oft he medium. This effect, known as the dielectric effect or the longitudinal density effect, suppresses the bremsstrahlung of photons with energies k much less than the electron energy E. This suppression is important because it cuts off the bremsstrahlung photon spectrum at low energies, removing the infrared divergence in real materials. It also affects the magnitude of radiative corrections to many processes. Previous experimental work on this effect has been inconclusive [2]. We present here measurements of bremsstrahlung spectra that confirm the longitudinal density effect.
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Dielectric suppression occurs because the photon emission takes place over a finite distance, known as the formation zone length. This zone may be thought of in several ways.
It is the distance required for the electron and photon to separate enough (one electron
Compton wavelength) to be considered separate particles. It is also the size of the virtual photon exchanged between the electron and the nucleus. Its length is given by the uncertainty principle applied to the momentum transfer between the electron and nucleus. For k < E, this momentum transfer is given by [1] [3] q]l=Pe-P:
where p. and p: are the m is the electron mass.
electron momenta before and after the interaction respectively, and For E >> m and k << E, this simplifies to
where~= E/m. The formation length is then --
If the interaction occurs in a medium, then photon interactions with the electrons in the the medium modify the relationship between the photon momentum p and energy k from k = pc to fik = pc where c is the dielectric constant of the medium. For energies k larger than the atomic binding energies of the target electrons,
'here'p= 'w,and 'p= n 4~NZe2 m is the plasma frequency of the medium. Here, N is the number of atoms per unit volume, Z is the atomic number, and e is the electric charge.
In particle language, the photon coherently forward Compton scatters off the electrons in the target, introducing a phase shift into the wave function. If the phase shift, accumulated over the formation zone length, is large enough, coherence is lost.
With this addition, the momentum transfer becomes
The formation length is then
Because the electron path length that can contribute coherently to a single bremsstrahlung interaction is reduced, photon emission is reduced. The emission probability is proportional to the pathlength that can contribute coherently to the emission, so the suppression S is given by the ratio of the in-material to vacuum formation lengths:
For k <~kp, bremsstrahlung is significantly reduced. This happens for k < rE, where --r = kp/m is a material dependent constant.
For typical metals, kP x 60 -80 eV, so r N 10-4. Table 1 gives r for the targets used here. approach is used here.
the effects are not independent and the suppression factors cannot
Migdal provided a prescription to combine the two effects [5]; his
To minimize the contribution from LPM suppression, this analysis will concentrate on carbon targets, which exhibit relatively little LPM suppression at the energies studied here. For the targets used here, the maximum photon energies which exhibit LPM suppression in 8 and 25 GeV beams, kLpM8 and kLpM25, are given in Table 1 .
Where LPM suppression dominates, there can be a large correction for surface interactions [7] . If an interaction occurs near a target surface, the formation zone can stick out of the target, reducing the phase shift, and hence the suppression. However, for k <~kP, where dielectric suppression is large, the formation zone is greatly shortened. Therefore, the dielectric effect reduces the magnitude of the 'edge effect' corrections that are required where LPM suppression is large.
The longitudinal density effect is closely related to transition radiation. Transition radiation occurs within one formation zone of the target surfaces, and has a spectrum that extends up to photon energies of~kP [8] . Experimentally, the bremsstrahlung and transition --radiation are indistinguishable, and can only be separated by varying target thicknesses.
We have studied the longitudinal density effect in experiment SLAC-E-146 at End Sta- electrons were magnetically bent downward by 39 mrad into a set of lead glass blocks that count ed electrons. The one electron per pulse, 120 pulses per second electron beam was _ generated parasitically during SLC collider operation [11] . To minimize backgrounds, the electron path upstream of the calorimeter and the photon flight path were kept in vacuum.
The BGO calorimeter comprises 45 crystals in a 7 by 7 array with the corners missing.
Each crystal is 2 cm square and 18 XO deep. The calorimeter photomultipliers tubes (PMTs) detected about 1 photoelectron per 30 keV of energy deposition. For the data discussed here, the PMT gain was set so that 1 ADC count (250 fC) corresponded to 13 keV. The calorimeter was calibrated with cosmic ray muons, which deposited an average of 18 MeV per calorimeter crystal. The cosmic ray absolute energy scale was set by data taken with an identical cosmic ray trigger, but lower PMT gain. For this lower gain data, the absolute energy scale was determined using both a direct electron beam and with higher energy bremsstrahlung events [7] . Where bremsstrahlu~data sets taken at the two gains overlapped, the agreement is good. The calorimeter temperature was monitored throughout the experiment, and the data were corrected using the measured temperature response.
Below energies of a few MeV, photon interactions in the calorimeter change character.
Unlike the showers that are produced at higher energies, photons dominantly lose energy " by one or more Compton scattering. Usually, the energy loss was confined to one or two crystals in the calorimeter. To reduce background noise from synchrotron radiation and other sources, we sum only the energy in a contiguous group of calorimeter tryst als. This leads to a small loss in energy-for the case where a photon scatters once and then travels a long distance before its second interaction. This cluster-finding procedure, and occasional energy loss when Compton scattered photons escape from the front of the calorimeter, introduce a low-energy tail on the calorimeter response function. Because of the additional calibration step and the energy losses due to leakage, we estimate that the photon energy calibration is known to 10%.
Our analysis selected bremsstrahlung events containing a photon in the calorimeter plus --a single electron in the lead glass blocks. The largest background was synchrotron radiation from the spectrometer magnet, which painted a stripe on the calorimeter, extending down-ward from the center, as shown in Figure 1 . Because the magnet had a large fringe field, this background was quite small for 8 GeV electrons, with a 9 keV critical energy for electrons pointing at the bottom of the calorimeter, and an average energy deposition of 400 eV. At 25 GeV, the critical energy was 280 keV, and the average energy deposition 40 keV. to 20 MeV photon energy range covers 0.1 lr < k/E < 1lT. Here, LPM suppression is larger than the longitudinal density effect. The curve with both effects is strongly preferred. A prediction based on simply multiplying the two suppressions together, rather than combining them as was done here, would be far below the data. Because gold is denser than carbon, the transition radiation is larger than in the previous figures, accounting for about 60% of " the LPM plus dielectric effect cross section at 200 keV. The predicted total emission is close to a minimum around 200 keV; at lower energies the transition radiation rises sharply. The Monte Carlo curves are normalized to match the data, using normalization constants found at photon energies of 5 to 500 MeV [7] . In most cases, the data is slightly above the Monte Carlo predictions; the average shift was about 6%. Except' for 25 GeV electrons incident on the carbon targets, the normalizations found using the data presented here mat ch those found at higher photon energies. For the carbon targets in 25 GeV beams, below photon energies of about 10 MeV, the intensity appears lower than the Monte Carlo. -Because this may be due to the target material structure, we use the normalization found at higher photon energies here.
The points show statistical errors only. The major systematic errors which can vary with energy are due to: photon cluster finding (770 ), calorimeter nonlinearity (370), overall energy calibration (370), remaining backgrounds (470), target density uncertainty (270) and Monte
Carlo inadequacies, mostly in handling the multiphoton pileup (l%). Added in quadrature, these give a total systematic error of 9%. Data which includes the angular cut has an additional 1570 systematic error.
In conclusion, we observe that the emission of bremsstrahlung of photons with energies 200 keV to 20 MeV from 8 and 25 GeV electrons is suppressed as predicted by the longitudinal density effect. The effect shows the expected energy dependence, and the magnitude is within 107o of that expected. Where both the longitudinal density effect and LPM suppression are present, they combine as predicted by Migdal.
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